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SEQUENCE PULSE  T-LENGTH PVA SIGNAL
NANE LENGTH(ns) ~ (as) VALUE NOISE  S/N TR
SE15-MTC750 15 750 470.2 112 4198214 576
SE15-MTC1000 2 1000 528.8 107 4942056 661
SE15-MTC1500 3 1500 607.1 110 5519001 797
SE15-MTC3000 6 3000 734.9 110  66.80909 1086
SE15-MTC5000 10 5000 803.1 106 7576415 1222

FIG. 6

SEQUENCE PULSE T-LENGTH PVA SIGNAL SLICE
NAME LENGTH (ms) (us) VALUE NOISE $/N NUMBER
SE15-MTC750 1.5 730 452.9 111 40.80180 14
SE15-MTC1000 2 1000 489.4 11.0  44.49091 12
SE15-MTC1500 3 1500 501.8 104  48.25000 10
SE15-MTC3000 B 3000 562.5 10.5 53.57143
SE15-MTC5000 10 5000 566.5 10.5 53.95238
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MAGNETIC RESONANCE IMAGING USING
MT PULSE OF WHICH DURATION IS
SHORTER

BACKGROUND OF THE INVENTION

1. Technical Field of the Invention

The present invention relates to magnetic resonance imag-
ing for obtaining images of blood flow or parenchyma of an
object on the basis of a magnetic resonance phenomenon of
nuclear spins in the object, and in particular, to a magnetic
resonance imaging system and a magnetic resonance imag-
ing method which provide an image whose contrast between
blood (or blood flow) and parenchyma is improved by using
an MT (magnetization transfer) pulse.

2. Related Art

Magnetic resonance imaging (MRI) is, in general, a
technique of applying to an object a radio-frequency (RF)
signal at a Larmor frequency so that nuclear spins of the
object positioned in a static magnetic field are magnetically
excited, and reconstructing an image from MR signals
induced responsively to the excitation.

There is a technique of MR angiography for imaging
blood vessels as one of the fields of the magnetic resonance
imaging. One conventional technique for the MR angiogra-
phy, which has been put to frequent use in recent years, is to
obtain a blood flow image in which blood (blood flow) and
parenchyma are contrasted with MT effects (also referred to
as MTC (magnetization transfer contrast) effects). One prac-
tical example has been proposed by U.S. Pat. No. 5,050,609
(its title is “Magnetization Transfer Contrast and Proton
Relaxation and Use thereof in Magnetic Resonance Imag-
ing”).

The research of the MT effects originates from the study
of' a ST (saturation transfer) method by Forsen & Hoffman
(refer to “Forsen et al., Journal of Chemical Physics, Vol.
39(11), pp. 2892-2901 (1963)”). The MT effects are based
on chemical exchange and/or cross relaxation between pro-
tons of a plurality of types of nuclear pools, such as free
water and macromolecules.

As the conventional MR angiography that uses the MT
effects, several techniques have been proposed as below.

As is well known, the spectra of protons of free water and
macromolecules include the same common frequency range,
in which both of the free water of which T2 (spin-spin)
relaxation time is longer (T2 is approx. 100 msec) and the
macromolecules of which T2 relaxation time is shorter (T2
is approx. 0.1 to 0.2 msec) resonate. Since the T2 relaxation
time of a free water signal is longer, its Fourier-transformed
signal provides a peak curve of which half-width value is
narrow. However, in the case of a signal of protons whose
movement is restricted among macromolecules, such as
protein, its Fourier-transformed signal provides a broader
half-width value, due to a shorter T2 relaxation time. As a
result, no distinct peak will appear in the spectrum.

Off-resonance excitation is performed such that, when
taking the resonance peak frequency f, of free water as a
center frequency, a frequency-selective pulse serving as the
MT pulse is applied to an object to excite a frequency
spectrum range shifted by, for example, an amount of 500
Hz from the center frequency f,. This excitation causes the
magnetization Hf of the free water and those Hr of macro-
molecules, both of which have been in equilibrium, to the
magnetization Hf of the free water moves to those Hr of the
macromolecules. As a result, the value of an MR signal
induced from the protons of the free water decreases, while
that of an MR signal induced from the protons of the
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macromolecules also decrease, but at a higher rate. This will
cause differences in signal values, region by region, depend-
ing on the chemical exchange and/or cross relaxation
between the free water and the macromolecules are reflected
or not. Those differences lead to differences in contrast
between blood flow and parenchyma, thus providing a blood
flow image.

At present, the MR angiography based on the MT effects
is generally classified into two types of spatially non-
selective imaging and slice-selective imaging.

As an example of the former, known is “G. P. Pike, MRM
25, 327-379, 19927, in which a frequency-selective bino-
mial pulse is used as the MT pulse and applied in a spatially
non-selective manner. The contrast between parenchyma
and blood flow is obtained according to a relationship of “the
MT effects of parenchyma>the MT effects of blood flow.”

On the other hand, as an example of the latter, there is an
imaging technique proposed by “M. Miyazaki, MRM 32,
52-59, 1994.” This paper teaches the use of a slice-selective
MT pulse composed of both an RF excitation pulse of which
duration, that is, a wavelength of the pulse, is longer and
gradient spoiler pulses. The application of the MT pulse
reduces MR signals emanated from stationary parenchyma
of'an imaged slice, largely than that from flows of blood that
pass the slice, due to its MT effects. The application also
reduces the MT effects received by blood flow that comes
into the slice, but its reduced degree of a signal from the
blood flow is less than that from the parenchyma, so that a
certain level of contrast between blood flow and parenchyma
is created.

There has also been known a technique of time-of-flight
(TOF) angiography conducted in the form of three-dimen-
sional scanning of the head. In this angiography, the duration
of'an MT pulse is normally specified as being approximately
15 [msec].

Further, concerning MT effects in the multislice imaging,
there has been known various reports on “P S Melki and R
V Mulkern, Magnetization Transfer Effects in Multislice
RARE Sequence”, Magn Reson Med 24, 189-195(1992)”,
“A D Elster, Radiology 1994; 190:541-551”, and “D A
Finem, Radiology 1994; 190:553-559.” These reports show
the use of an MT pulse having an wavelength of 10 to 16
msec.

However, in any of the foregoing various types of MR
imaging that adopts the MT pulse, the wavelength of the MT
pulse, that is, the duration during which the pulse lasts, is set
to a longer value. The duration of the MT pulse occupies, for
example, a time of no less than about 35 percent within a
single repetition time TR. This longer-duration MT pulse has
long been used on the basis of the historical recognition that
a shorter-duration MT pulse, that is, its waveform area is
insufficient, will limit the MT effects to its lower level.

Thus, to obtain sufficient MT effects one is obliged to
make an entire scan time (resulting in an imaging time)
longer. In contrast, if performing the multislice imaging is
conducted with an MT pulse having a longer duration, with
the scan time still unchanged, the number of slices will be
reduced.

SUMMARY OF THE INVENTION

The present invention, which has been attempted to break
through the foregoing current situations, achieves a first
object that MT effects equivalent in degree to the conven-
tional is at least obtained and a scan time necessary for the
application of an MT pulse is made shorter than the con-
ventional technique.
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A second object of the present invention is to provide
two-dimensionally scanned MR imaging on the multislice
imaging that uses an MT pulse, which gains at least MT
effects equivalent in degree to the conventional in compari-
son with the conventional technique, makes it shorter a scan
time necessary for the application of an MT pulse, and
maintains the number of multiple slices almost equal to an
amount obtained by the conventional technique.

A third object of the present invention is to provide
three-dimensionally scanned MR imaging that uses an MT
pulse, which gains at least MT effects equivalent in degree
to the conventional and makes it shorter a scan time neces-
sary for the application of an MT pulse in comparison with
the conventional technique.

In order to accomplish the first object, a magnetic reso-
nance imaging system according to the present invention
comprises MT-pulse applying means for applying to an
object an MT pulse of which is off-resonance to a region to
be imaged of the object; spoiler applying means for applying
a gradient spoiler pulse to the object after the MT pulse is
applied; and scanning means for performing a scan to
acquire an echo signal from the region to be imaged after the
gradient spoiler pulse is applied, wherein a duration of the
MT pulse is set to a short time.

By way of example, the duration of the MT pulse is less
than 10 ms. Particularly, the duration of the MT pulse is 6
ms or less.

Preferably, the MT pulse is, in a waveform area, approxi-
mately equal to or less than a conventional MT pulse of
which duration is longer.

In addition, in order to accomplish the second object, the
scanning means can be configured to two-dimensionally
scan the region to be imaged on the basis of multi-slice
imaging.

Furthermore, in order to attain the third object, the scan-
ning means may be configured to three-dimensionally scan
the region to be imaged on the basis of multi-slice imaging.
In this configuration, it is preferred that the magnetic reso-
nance imaging system may additionally comprise region
selecting means configured to apply, concurrently with the
application of the MT pulse, a gradient pulse to select an
applied position of the MT pulse to the object so that the
applied position of the MT pulse is different from the region
to be imaged

Still, in the magnetic resonance imaging system of the
present invention, a duration of the MT pulse may be set to
a short time during which relaxation of a spin-lattice mag-
netization of a magnetic spin of the object is hardly com-
pleted.

On the other hand, in order to accomplish the first object,
a magnetic resonance imaging method for acquiring an echo
signal on the basis of magnetic resonance phenomena of at
least two types of nuclear pools in an object, the two types
of nuclear pools being mutually coupled though a coupling
relationship based on at least one of a chemical exchange
phenomenon and a cross relaxation phenomenon, the
method comprising the steps of: decoupling the coupling
relationship between the at least two types of nuclear pools
by applying to the object an MT pulse of which duration is
short; applying a gradient spoiler pulse to the decoupled
nuclear pools; and acquiring the echo signal from a region
to be imaged of the object.

By way of example, the two types of nuclear pools consist
of a nuclear pool of free water and a nuclear pool of a
macromolecule. In addition, to realize the second or third
object, the echo signal from the region to be imaged may be
acquired by a two-dimensional scan based on multi-slice

20

25

30

35

40

45

50

55

60

65

4

imaging that uses an MT pulse or by a three-dimensional
scan based on multi-slice imaging that uses an MT pulse.
One example is that the duration of the MT pulse is less than
10 ms.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 1 is the functional block diagram showing an out-
lined configuration of a magnetic resonance imaging system
according to the first and second embodiments of the present
invention;

FIG. 2 is a flowchart representing an outline and appli-
cation timing of a pulse sequence formed based on a
two-dimensional scan according to a multislice technique
used in a first embodiment of the present invention;

FIG. 3 depicts a pulse sequence indicative of an MT pulse
used by a conventional technique, which is described for
comparatively explaining the present invention;

FIGS. 4A and 4B are illustrations of behaviors of spin-
lattice magnetization components of spins that move in
response to an application of the MT pulse, which compara-
tively explains the behaviors when long-duration and short-
duration MT pulses are applied, respectively;

FIG. 5 illustrates the advantages of application of the MT
pulse according to the present invention, which accompanies
comparison with the application of a conventional MT
pulse;

FIG. 6 shows a result from an experiment;

FIG. 7 shows results from another experiment;

FIG. 8 shows results from another experiment;

FIG. 9 shows results from another experiment;

FIG. 10 is a flowchart outlining a pulse sequence formed
based on a three-dimensional scan used in a second embodi-
ment of the present invention; and

FIG. 11 illustrates exemplifying a positional relationship
between a pre-excited region to which an MT pulse is
applied and an imaging region to which an imaging pulse
train is applied in the second embodiment.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring to the accompanying drawings, preferred
embodiments of the present invention will now be
described.

(First Embodiment)

Referring to FIGS. 1 to 9, a first embodiment of the
present invention will now be described.

FIG. 1 a shows an outlined configuration of a magnetic
resonance imaging (MRI) system in accordance with the
first embodiment of the present invention.

The magnetic resonance imaging system comprises a
patient couch on which a patient P as an object to be imaged
lies down, static-field generating unit for generating a static
magnetic field, magnetic-gradient generating unit for
appending positional information to a static magnetic field,
transmitting/receiving unit for transmitting and receiving a
radio-frequency (RF) signal, controlling/calculating unit
responsible for the control of the whole system and for
image reconstruction, electrocardiographing unit for acquir-
ing an ECG signal of the object P, and breath-hold instruct-
ing units for instructing the object to perform a temporary
breath hold.

The static-field generating unit includes a magnet 1 that is
of, for example, a superconducting type, and a static power
supply 2 for supplying a current to the magnet 1, and
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generates a static magnetic field Ho in an axial direction
(Z-axis direction) within a cylindrical bore (serving as a
diagnostic space) into which the object P is inserted. The
magnet 1 includes shim coils 14. A current used to homog-
enize a static magnetic field is supplied from a shim coil
power supply 15 to the shim coils 14 under the control of a
host computer to be described later. The couch top of the
patient couch on which the object P lies down can be
inserted into the bore of the magnet 1 so that the couch top
is withdrawn retractably.

The magnetic-gradient generating unit includes a gradient
coil unit 3 incorporated in the magnet 1. The gradient coil
unit 3 has three pairs (kinds) of x-, y-, and z-coils 3x to 3z
used to generate magnetic field gradients that change in
strength in the X-axis, Y-axis, and Z-axis directions, which
are the mutually-orthogonal physical-axis directions of the
gantry. The magnetic-gradient generating unit further
includes a gradient power supply 4 for supplying currents to
the x-, y-, and z-coils 3x to 3z. The gradient power supply
4 supplies the x-, y-, and z-coils 3x to 3z with pulsed currents
used to generate magnetic gradients, under the control of a
sequencer that will be described later.

The pulsed currents supplied from the gradient power
supply 4 to the x-, y-, and z-coils 3x to 3z are controlled,
whereby magnetic gradients that can be changed in strength
in the three physical-axis directions (that is, the X-, Y-, and
Z-directions) are mutually synthesized. This synthesis pro-
duces a slice magnetic gradient G applied in a slice direc-
tion, a phase-encode magnetic gradient G applied in a
phase-encode direction, and a readout (frequency-encode)
magnetic gradient G applied in a readout direction, so that
the gradients G, Gz and Gy are selectively specified and
arbitrarily changed in strength. The slice, phase-encode, and
readout directions are logic-axis directions, which are also
orthogonal to each other. The magnetic gradients G, G and
Gy, generated in the logic-axis directions are superposed on
the static magnetic field H,,.

The transmitting/receiving unit includes a radio-fre-
quency (RF) coil 7 located in the vicinity of the object P in
the diagnostic space inside the magnet 1, and a transmitter
8T and a receiver 8R both connected to the coil 7. Both of
the transmitter 8T and the receiver 8R operate under the
control of a sequencer 5 described later. The transmitter 8T
supplies the RF coil 7 with an RF current pulse of a Larmor
frequency, which causes a nuclear magnetic resonance
(NMR). The receiver SR receives MR signals (RF signals)
via the the RF coil 7, and then carries out various kinds of
signal processing with the MR signals so that digitized MR
data (original data) are produced.

Furthermore, the controlling/calculating unit includes a
sequencer 5 (also referred to as a sequence controller), host
computer 6, calculator 10, storage 11, display unit 12, input
device 13, and voice generator 16.

Of these constituents, the host computer 6 operates pre-
viously memorized software procedures, so that it has the
functions of not only giving the sequencer 5 pulse sequence
information but also managing the operations of the entire
system.

The sequencer 5, which has a CPU and memories, is able
to store pulse sequence information that has been supplied
from the host computer 6. Based on this pulse sequence
information, the sequencer 5 is responsible for controlling a
series of operations performed by the gradient power supply
4, transmitter 8T, and receiver 8R. In parallel with this
control, the sequencer 5 temporarily receives digital data
produced from MR signals that the receiver 8R has created,
and then transfer those data to the calculator 10.
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The pulse sequence information includes all information
required for operating the gradient power supply 4, trans-
mitter 8T, and receiver 8R according to a desired pulse
sequence. Such information includes the strength, duration,
and application timing of pulsed currents that should be
applied to the x-, y-, and z-coil 3x to 3z.

As the pulse sequence, a two-dimensional (2D) scan or a
three-dimensional (3D) scan can be adopted. Pulse trains
available to the pulse sequence are a pulse train based on an
SE (spin echo) technique, a pulse train based on an FE (field
gradient echo) technique, a pulse train based on an FSE (Fast
SE) technique, a pulse train based on a FASE (Fast Asym-
metric SE) technique, a pulse train based on an EPI (echo
planar imaging), and others.

The calculator 10 receives digital echo data sent from the
receiver 8R via the sequencer 5, and maps those data in a
Fourier space (also called the k-space or frequency space)
formed by an incorporated memory. The calculator 10 also
performs a two-dimensional or a three-dimensional Fourier
transform on the mapped data, so that an image in the real
space is reconstructed.

The storage 11 is able to memorize echo data and recon-
structed image data. The display unit 12 is formed to
visualize an image. The input device is used to provide the
host computer 6 with various types of information about, for
example, scan conditions and a pulse sequence.

The voice generator 16, which composes part of the
breath-hold instructing unit, is configured to utter, for
example, a voice message informing a patient of the start or
end of a breath hold in response to a command sent from the
host computer 6.

Furthermore, the electrocardiographing unit comprises an
ECG sensor 17 attached to the patient body to detect an
electric ECG signal and an ECG unit 18 that performs
various types of processing including the digitization of the
detected ECG signal and sends it to the sequencer 5. The
sequencer 5 uses this measured ECG signal as a timing
signal when performing a certain scanning sequence. This
makes it possible that synchronization timing for electro-
cardiograph gating is set adequately and an electrocardio-
graph-gating scan on the set synchronization timing is
performed to acquire echo data.

FIG. 2 exemplifies both echo acquisition timing and pulse
sequence according to a two-dimensional multislice tech-
nique. Each of a plurality of n-piece slices is RF-excited
repeatedly at every repetition time TR so as to be subject to
echo acquisition. After the excitation of the first slice during
each repletion time TR, the remaining slices are sequentially
excited in the similar manner for echo acquisition. Thus, any
slice undergoes the echo acquisition repeatedly performed at
a period of repetition time called “minimum TR.”

The pulse sequence used for this echo acquisition is
composed of an MT pulse P,,, of which duration is set to a
shorter time, one or more spoiler pulses P,,, and an imaging
pulse train S,,,,, which are aligned in this order along the
time axis, as shown in FIG. 2. The spoiler pulses P, which
are in charge of dephasing spin-spin magnetization spins, are
formed by spoiler pulses to be applied in any one or more,
or all of the slice, phase-encode, and readout directions.
Incidentally, FIG. 3 shows a pulse sequence that uses a
conventional MT pulse P, ', which is cited for comparative
description with that of FIG. 2.

The MT pulse P, according to the present embodiment is
created as an RF pulse formed by modulating a waveform
of, such as, a Sinc function or Gaussian function with an RF
signal of a specified frequency. For example, the frequency
is determined to be a value, which is offset by a specified



US 7,308,298 B2

7

amount from the resonance center frequency of a water
component of an object. The duration of the MT pulse P,
is set to a value of less than 10 msec (for instance, 1.5 msec),
which is shorter compared to values as much as 15 msec,
which have conventionally been used. Those shorter values
have been confirmed by experiments, which will be
described later.

In addition, the MT pulse P,,, according to the present
embodiment has a higher peak value (i.e., intensity) deter-
mined in consideration of its shortened duration. Although
the peak value of the MT pulse P,,, may be increased up to
a value that provides its waveform area as much as that of
the conventional MT pulse P,,/, it is not always necessary to
raise the peak value up to such a value. The reason is that
contribution thanks to improved MT effects derived from a
shortened duration of the MT pulse is greater than that from
a non-shortened duration thereof. Additionally, in the case of
a two-dimensional scan based on the multislice technique,
MT effects obtained when other slices are excited are also
contributed. This is another reason why the peak value is not
always necessary to raise so much.

In the present embodiment, the MT pulse P, is config-
ured so that it is applied with no slice gradient, that is, is
applied slice-non-selectively. Alternatively, the MT pulse
P,,, may be subjected to slice-selective application, if nec-
essary.

An experiment conducted by the inventor, which will be
detailed later, revealed that, when the duration of the MT
pulse P, was shortened down to a length of less than 10
msec and preceded the imaging pulse train S,,,, conducted
on the two-dimensional multislice technique, a considerable
amount of MT effects larger than that of the conventional
longer-duration MT pulse was provided. In particular, it was
also found that in cases where the duration of the MT pulse
P,,. was set to a length of 6 msec or less, a remarkably larger
amount of MT effects compared to that of the conventional
longer-duration MT pulse was given.

Therefore, in the present invention, the MT pulse of which
duration is longer means an MT pulse having a duration of
10 msec or over, while the MT pulse of which duration is
shorter means an MT pulse having a duration of less than 10
msec.

Like the conventional, the duration of each of the spoiler
pulses P, is set to a length as short as approximately 2 msec.
Further, the imaging pulse train S,,,,, which is formed by a
train of pulses on a given SE-system or FE-system tech-
nique, changes in its duration, depending on its type.

In the present embodiment, the RF coil 7, transmitter 8T,
sequencer 5, and host computer 6 cooperatively constitute
an essential part of the MT pulse applying means according
to the present invention; the gradient coil unit 3, gradient
power supply 4, sequencer 5, and host computer 6 coopera-
tively constitute an essential part of the spoiler applying
means according to the present invention; and the RF coil 7,
transmitter 8T, receiver 8R, sequencer 5, and host computer
6 cooperatively constitute an essential part of the scanning
means according to the present invention.

The operations and advantages of the magnetic resonance
imaging system according to the present embodiment will
now be described.

In cases where a region to be imaged of an object is for
example the head, a desired region of the head is to be
scanned by using a two-dimensional multislice technique.
The desired region is magnetically divided into a plurality of
slices and selectively excited, and then echo signals are
acquired from each slice at every repetition time TR.
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During such an acquisition process, an MT pulse P,,, of
which duration is shorter (for example, 1.5 msec) is first
applied to the head. As illustrated in FIG. 4A, this applica-
tion causes a spin-lattice magnetization component of
nuclear spins within an excited region is inverted to the —z'-
axis direction. However, due to the fact the duration of the
MT pulse P, , is shorter, a percentage showing the recovery
of the spin-lattice magnetization component to its initial
state in the z-axis direction during the application of the MT
pulse is extremely small or negligible. In other words,
“shortening” effects exerted on the spin-lattice component is
large, which will promote chemical exchange and/or cross
relaxation between protons of both of free water and mac-
romolecules.

After the application of the MT pulse, a spoiler pulse P,
is applied to the object to sufficiently dephase a spin-spin
magnetization component of the nuclear spins, which is
followed by the application of a specified imaging pulse
train S,,,,. During the application of a series of pulses, both
of MT effects induced by applying the MT pulse and MT
effects induced by applying the imaging pulse train S,,,
become effective in a multiplied way, because the duration
of the MT pulse is shortened.

As described above, when the application of a shorter-
duration MT. pulse causes the chemical exchange and/or
cross relaxation between protons of the free water and the
macromolecules to be accelerated greatly, the signal value of
an echo to be acquired becomes lower. Namely, the MT
effects gained per unit time increases, providing larger
amounts of MT effects.

The above description will be detained further in com-
parison with the conventional way that uses the longer-
duration MT pulse. Since the conventional MT pulse is set
to a longer period of duration (for instance, 15 msec), a
component that recovers to the +z'-axis direction begins to
appear even during the application of the MT pulse, as
illustrated in FIG. 4B. As a result, a net spin-lattice magne-
tization component that remains in the —z'-axis direction at
the end of application of the MT pulse becomes small
compared to that for the shorter-duration MT pulse (refer to
FIG. 4A). This results in that the chemical exchange and/or
cross relaxation between the protons of free water and
macromolecules are reduced, compared to that performed in
the present invention that uses the shorter-duration MT
pulse. Hence the value of an acquired echo signal becomes
larger than that in the present embodiment. It is therefore
concluded that the MT pulse gained becomes smaller cor-
respondingly to the reduced chemical exchange and/or cross
relaxation.

FIG. 5 shows a qualitative comparison between an inten-
sity SI of an echo signal acquired with the shorter-duration
MT pulse, like the present embodiment, and an intensity SI
of'another echo signal acquired with the longer-duration MT
pulse, like the conventional. This comparison is conducted
based on a sectional image of the head into which an MR
contrast agent (for example, gadolinium-DTPA) was
injected. Since the contrast agent is less subjected to the MT
effects by nature, a lesion D such as a cancer is depicted at
a higher signal value when the contrast agent passes the
lesion D. The normal tissue T is subjected to a large amount
of MT effects so that a signal value is reduced largely,
because the shorter-duration MT pulse was used, as
described above. Thus, the contrast between the lesion D and
the normal tissue T is more enhanced, compared to the
conventional.

In contrast, in the case of the conventional imaging using
the longer-duration MT pulse, the MT effects gained by the



US 7,308,298 B2

9

normal tissue T is not so large, on account of the above-
mentioned reason. Thus, only a less amount of signal value
is reduced by the MT effects. This means that the contrast
between the lesion D and the normal tissue T is lower in
comparison with that according to the present invention.

Accordingly, as in the present embodiment, using an MT
pulse whose duration is shorter and whose waveform area is
maintained to a necessary amount greatly improves the
contrast between a region undergoing larger amounts of MT
effects and another region undergoing only smaller amounts
of MT effects. This enables a depiction performance for
lesions to be enhanced noticeably. It is therefore preferred to
provide T1-weighted images based on a 2D-multislice scan
and images on which cartilage is depicted.

In particular, in cases where the two-dimensional multi-
slice technique, which uses a relatively shorter repetition
time (called “minimum TR” between slices, is adopted,
larger amounts of MT effects can be obtained as a whole in
a steadier manner. This is because a multiplied effect (which
leads to potential M T effects) due to off-resonance excitation
to other slices can be obtained together, even when the
duration itself of the MT pulse is shorter. Conversely speak-
ing, the multiplied effect on the off-resonance excitation
received when other slices are excited makes it possible that
sufficient MT effects can be gained even if the waveform
area of an MT pulse is set to a slightly smaller value.

In addition, since the duration of an MT pulse can be
made smaller, a scan time for each time of excitation can be
shorthanded, thus making the whole imaging time shorter.

Moreover, the scan time for each time of excitation is
shorter, so that the entire imaging time can also be made
shorter even in cases where the number of multislices as
many as the conventional is desired to be maintained. By
contrast, if an imaging time as longer as the conventional is
allowed, the number of multislices can be increased.

One example showing the relationship between the imag-
ing time and the number of multislices will now be
described. For imaging the head based on the multislice
technique (a slice thickness=7 mm), the number of multi-
slices=17 can still be kept, in which the imaging pulse train
is formed on the SE technique, a minimum TR=28 msec, and
a TR=500 msec. In the case that this SE-basis pulse train
includes a conventional MT pulse of which duration is 17
msec (including spoiler pulses), the number of multislices is
obliged to reduce to 11 pieces. In contrast, in order to secure
the number of multislices to 17 slices, it is required that the
repetition time TR be extended up to 765 msec.

However, in cases where the foregoing imaging is done on
the technique according to the present invention, in which
the duration of an MT pulse to 3.5 msec (including spoiler
pulses) with other conditions still maintained to the conven-
tional ones, the number of multislices of 17 slices can be
attained by only setting the repetition time TR to 536 msec,
which is still limited to a slightly extended length.

To qualitatively confirm the effects of the present inven-
tion, the results of experiments conducted by the present
inventor will now be described with reference to FIGS. 6 to
9.

The results of a first experiment are shown in FIG. 6. This
experiment was performed to acquire echo signals based on
the multislice technique, while the pulse length of an MT
pulse was changed from 10 to 1.5 msec. In this experiment,
the number of multislices=17, a flip angle=500°, an MT
offset frequency=-1500 Hz, and an MT pulse
waveform=sinc (1m, 1) were determined. In FIG. 6, PVA
signal values and noise are provided as numerical values
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expressed by an arbitrary unit. A pulse length (whole
length)=t-lengthx2 is specified.

In FIG. 6, a sequence: SE15-MTC5000 (the pulse length
of an MT pulse=10 msec) corresponds to the conventional,
while a sequence: SE15-MTC750 (the pulse length of an MT
pulse=1.5 msec) corresponds to the present invention. Com-
pared to the sequence corresponding to the conventional, the
sequence corresponding to the present invention provides
both of an MTR (MT ratio) improved by approx. 45% in
terms of S/N and a repetition time TR reduced down to the
half or less when the number of slices is 17.

Further, when comparing a sequence: SE15-MTCS5000
corresponds to the conventional with a sequence: SE15-
MTC3000 (the pulse length of an MT pulse=6 msec), it is
also found that the MTR is improved (that is, lower S/N
value). From this point of view, it is understood that setting
the pulse length of an MT pulse to a length less than 10 msec
is able to provide the advantages derived from the “shorter-
duration MT pulse” that corresponds to the present inven-
tion. Thus, it can be understood that the duration of the MT
pulse according to the present invention lies in the range of
less than 10 msec.

Results of a second experiment are shown in FIG. 7. This
experiment was conducted to acquire echo signal under a
fixed repetition time TR=500 msec, as the pulse length of an
MT pulse was changed from 10 to 1.5 msec. The remaining
imaging conditions were the same as those in the first
experiment.

This second experiment showed that, for imaging of
normal periods of time (i.e., TR=500 msec or thereabouts),
assigning the pulse length of an MT pulse to lengths of less
than 10 msec is able to provide both of larger MT effects
(lower S/N value) and an increased number of slices, com-
pared to the sequence: SE15-MTC5000 corresponding to the
conventional. As can be read from the values shown by the
S/N and the number of slices, it was also found that these
effects are given when the pulse length of the MT pulse falls
into the range of less than 10 msec.

A third experiment is shown in FIG. 8. This experiment
shows changes in S/N obtained under the conditions that
both of the number of slices and a flip angle were fixed, but
a frequency offset of an MT pulse was changed. From the
present experiment, the ranges were confirmed, in which the
MT effects are present on the plus and minus sides of the
resonance peak frequency of free water placed at the center
of the frequency axis.

Additionally, a fourth experiment is shown in FIG. 9. This
experiment represents changes in S/N vs. changes in the flip
angle of an MT pulse (that is, the intensity of an MT pulse)
obtained when offset frequencies of the MT pulse on the plus
and minus sides are set to the same absolute value (that is,
1200 Hz and -1200 Hz). The graphs are expressed by taking
the offset frequencies as parameters. Through this experi-
ment, both of the pulse intensity ranges in which the MT
effects are created and the symmetry of the pulse intensity
ranges were examined.

Although the foregoing experiments were conducted on a
PVA phantom, it is also known that, when the human head
is compared with the PVA phantom, the human head is
generally greater in the MT effects than the PVA phantom.
As a result, for applying the imaging according to the
present invention to the human head, the MT effects derived
from the “shorter-duration MT pulse” becomes more
remarkable. This also proves the effectiveness of the present
invention.
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(Second Embodiment)

Referring to FIGS. 10 and 11, a second embodiment
according to the magnetic resonance imaging system of the
present invention will now be described.

Instead of the two-dimensional scan with the use of the
two-dimensional multislice technique, the second embodi-
ment provides a magnetic resonance imaging system
capable of imaging based on a three-dimensional scan
technique as described for example in U.S. Pat. No. 5,627,
468, to which the foregoing MT pulse is applied as well.
This magnetic resonance imaging system is similar in the
hardware configuration to that of the first embodiment, so its
detailed explanation will be omitted.

In the magnetic resonance imaging system, under the
control of the sequencer 5, a pulse sequence shown in FIG.
10 is conducted by way of example for the three-dimen-
sional scan.

As understood from the figure, the pulse sequence
includes an MT pulse P,,, applied first together with a slice
magnetic gradient G, which is followed by spoiler pulses
P,;. applied in the slice, phase-encode, and readout (fre-
quency encode) directions for the gradients Gg, G and Gy,
respectively. Then, a three-dimensional imaging pulse train
S,me formed by for example a train of pulses on the FE
technique is applied to the object.

Of these pulses, the duration-shortening technique
according to the present invention is applied to the MT pulse
P,,,- In other words, like the first embodiment, the duration
T, 1s shortened down to a length of less than 10 msec. The
flip angle of the MT pulse P,, is set to 6 to 32 uT, when
expressed in terms of the intensity of an RF magnetic field,
and preferably, to 19 to 26 pT. If converted into angles, RF
magnetic field intensities of 6 uT and 32 puT correspond to
90 degrees and 500 degrees, respectively.

The slice magnetic gradient G applied in parallel with the
MT pulse P,,, is determined in advance, for example, in its
intensity so that a pre-excited region R, different in position
from a desired imaging region R,,,, can be selected, as
shown in FIG. 11. For example, as shown in FIG. 11, the
desired imaging region R, is the human head, the pre-
excited region R, can therefore be placed at a certain
position of the head-top portion, which is farther than the
imaging region R,,,, to the hart. Accordingly, a region to
which the MT pulse P, is applied is limited to the pre-
excited region R, set on the head-top side, resulting in that
no excitation is caused in blood flow that inflows into the
imaging region R,  from the heart on its inflowing side.

On completion of the MT pulse P,,, of which duration is
shorter, the spoiler pulses P, are then applied, by way of
example, in each of the slice, phase-encode, and readout
directions.

The application of pulses belonging to the imaging pulse
train S,,,,, to the imaging region R, , is then followed in turn,
so that echo signals are acquired from the imaging region
R,,..- The echo signals include an echo signal having an
intensified amplitude, which emanates from blood flow.
Namely, the artery AR that has inflowed into the head from
the heart is subjected, for the first time, to excitation due to
the imaging pulse train S,,,, as soon as it enters the imaging
region R, ,. Thus this excitation allows the artery AR to
create an echo signal of higher intensity. However, the vein
VE that has returned to the heart by way of its head top
portion was already subject to the excitation at the pre-
excited region R, located on the head-top side of the image
region R,,,,. Thus, the vein VE generates only an echo signal

of lower intensity at the imaging region R,
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Therefore, the signal level from the vein VE can be
suppressed, whilst the signal level from the artery AR, which
is more significant in clinical applications, can be enhanced
relatively. Further, in addition to the application of the MT
pulse P,, to the pre-excited region R,,, the pre-excited
region R, is located in the vicinity of the imaging region
R,,.., but separated therefrom. A percentage of lowering the
intensity of echo signals emanating from parenchyma in the
imaging region R, is larger than that from blood flow (that
is, larger amounts of MT effects are produced). An enhance-
ment in the MT effects becomes more noticeable thanks to
use of the shorter-duration M T pulse P,,, formed in compli-
ance with the present embodiment. The noticeable MT
effects can be used to perform MR angiography for imaging
peripheral blood vessels with precision.

In addition, according to necessity, the pre-excited region
R,,, can be located nearer to the heart than the imaging
region R, .. This location makes it possible to perform MR
angiography that provides image data in which the vein VE
is more emphasized than the artery AR.

As described above, since the second embodiment adopts
the shorter-duration MT pulse, the MT effects equivalent in
magnitude to those from the conventional can be gained and
a scan time (resulting in an imaging time) necessary for the
application of the MT pulse can largely be lessened com-
pared to the conventional.

In addition, for performing MR imaging with a two-
dimensional scan based on a multislice technique, a shorter-
duration MT pulse is incorporated in a pulse sequence for
the scan. Through this technique, the number of multislices
can be kept to an amount equivalent to the conventional and
a scan time can be shortened to a minimum. MT effects of
which magnitudes are equivalent to or larger than those in
the conventional can be obtained, so that the contrast of
images is enhanced to improve depiction performances of
the MR images. Like this two-dimensional scan, for per-
forming MR imaging with a three-dimensional scan involv-
ing an MT pulse, the MT pulse can be replaced by the
shorter-duration MT pulse according to the present inven-
tion. Hence, both of preferable MT effects and a shortened
scan time can be realized at the same time.

Although the embodiments described above contain many
specificities, these should not be construed as limiting the
scope of the present invention but as mealy providing
illustrations of some of the presently preferred embodiments
of the present invention. The person skilled in the art can
alter or modify the present invention into a variety of
different modes without departing from the scope of the
appended claims and their equivalents. By way of example,
the MR imaging that uses the MT pulse according to the
present invention can be applied to imaging of other type of
fluid, such as cerebral spinal fluid that moves within an
object.

What is claimed is:

1. A magnetic resonance imaging system comprising:

MT-pulse applying means for applying to an object an M T
(magnetization transfer) pulse formed as RF (radio
frequency) pulse of (i) a frequency which is off-
resonance at a region to be imaged, (ii) duration less
than 10 ms, and (iii) a waveform based on either a Sinc
function or a Gaussian function;

gradient applying means for applying, concurrently with
application of the MT pulse, a gradient pulse to select
an applied position of the MT pulse to the object so that
the applied position of the MT pulse is different from
the region to be imaged;
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spoiler applying means for applying a gradient spoiler
pulse to the object after applying both the MT pulse and
the gradient pulse to the region to be imaged; and
scanning means for performing a scan to acquire an echo
signal from the region to be imaged after applying the
gradient spoiler pulse.

2. The magnetic resonance imaging system according to
claim 1 wherein the duration of the MT pulse is set to a
period of time during which relaxation of a spin-lattice
magnetization of magnetic spins in the object is substantially
not completed.

3. The magnetic resonance imaging system according to
claim 2, wherein the scan is a two-dimensional scan per-
formed based on a multi-slice imaging technique.

4. The magnetic resonance imaging system according to
claim 2, wherein the scan is a three-dimensional scan
performed based on a multi-slice imaging technique.

5. A magnetic resonance imaging method for acquiring an
echo signal on the basis of magnetic resonance phenomena
of at least two types of nuclear pools in an object, the two
types of nuclear pools being mutually coupled through a
coupling relationship based on at least one of a chemical
exchange phenomenon and a cross relaxation phenomenon,
the method comprising:

decoupling the coupling relationship between the at least

two types of nuclear pools by applying to the object an
MT (magnetization transfer) pulse formed as an RF
(radio frequency) pulse of (i) a frequency which is
off-resonance at a region to be imaged, (ii) duration less
than 10 ms, and (iii) a waveform based on either a Sinc
function or a Gaussian function;

applying a gradient spoiler pulse to the decoupled nuclear

pools applying, concurrently with application of MT
pulse, a gradient pulse so as to select an applied
position of the MT pulse which is different from the
region to be imaged; and

acquiring the echo signal from the region to be imaged

after applying the gradient spoiler.

6. The magnetic resonance imaging method according to
claim 5, wherein the two types of nuclear pools consist of a
nuclear pool of free water and a nuclear pool of a macro-
molecule.
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7. The magnetic resonance imaging method according to
claim 6, wherein the echo signal from the region to be
imaged is acquired by a two-dimensional scan performed
based on a multi-slice imaging technique.

8. The magnetic resonance imaging method according to
claim 6, wherein the echo signal from the region to be
imaged is acquired by a three-dimensional scan performed
based on a multi-slice imaging technique.

9. A magnetic resonance imaging system comprising:

an MT-pulse applying unit configured to apply to an
object an MT (magnetization transfer) pulse formed as
an RE (radio frequency) pulse of (i) a frequency which
is off-resonance at a region to be imaged, (ii) a duration
less than 10 ms, and (iii) a waveform based on either a
Sinc function or a Gaussian function;

a region selecting unit configured to apply, concurrently
with application of the MT pulse, a gradient pulse to
select an applied position of the MT pulse that is
different from the region to be imaged;

a spoiler applying unit configured to apply a gradient
spoiler pulse to the object after applying the MT pulse
to the region to be imaged; and

a scanning unit configured to perform a scan to acquire an
echo signal from the region to be imaged after applying
the gradient spoiler pulse to the object.

10. The magnetic resonance imaging system according to

claim 9, wherein the duration of the MT pulse is 6 ms or less.

11. The magnetic resonance imaging system according to
claim 9, wherein the scan is a two-dimensional scan per-
formed based on a multi-slice imaging technique.

12. The magnetic resonance imaging system according to
claim 9, wherein the scan is a three-dimensional scan
performed based on a multi-slice imaging technique.

13. The magnetic resonance imaging system according to
claim 9, wherein the duration of the MT pulse is set to a
period of time during which relaxation of a spin-lattice
magnetization of magnetic spins in the object is substantially
not completed.



